The rnol. wt. and molar ratios of the Hind III and Hpa I fragments of HSV-I DNA and the Eco RI fragments of HSV-2 DNA have been determined. Results obtained suggest that DNA isolated from both HSV-I and HSV-2 consists of molecules with four different sequence arrangements which are present in similar amounts. Our explanation of the cleavage patterns of these four genome arrangements with the different restriction enzymes is presented.
INTRODUCTION
Sequence specific endonucleases (restriction enzymes) which cleave DNA only at specific sets of sequences have been of great value in the construction of physical maps for a variety of animal virus DNAs. For example, with SV4o (Danna, Sack & Nathans, I973) , polyoma (Fried et ak I974) and adenovirus (Mulder et aL ~974) -If a population of linear DNA molecules are homogeneous with respect to size and sequence arrangement, the locations of cleavage sites on each molecule will be identical and the same fragments will be produced from each molecule. If these DNA fragments are separated (this is normally done on a size basis) the molar ratio of each different fragment should be unity.
DNA isolated from herpes simplex type I (HSV-I) and herpes simplex virus type 2 (HSV-2) consists of linear duplex molecules with mol. wt. of 95 to Ioo × IO s (Becker, Dym & Sarov, I968; Kieff, Bachenheimer & Roizman, I97Ia; Wilkie, 1973) . HSV-I and HSV-2 DNAs show approx. 5o % sequence homology (Kieff et aL I971 b) . In addition, molecules of HSV-I DNA have been shown to be terminally redundant (Grafstrom et al. I974; Sheldrick & Berthelot, 1974) and also contain internal inverted repetitions of sequences present at both ends of the molecules (Sheldrick & Berthelot, 1974) .
In the analysis of HSV DNA with restriction endonucleases, the Eco RI, HindIII and Hpa I enzymes have proved to be the most useful as a limited number of fragments with varying sizes are generated (Wilkie et al. I974; Hayward, Frenkel & Roizman, I975; Skare, Summers & Summers, 1975) . However, a consistent feature of the Eco RI and Hind III fragment patterns produced with DNA isolated from different strains of HSV-I and HSV-2 has been the detection of bands present in submolar amounts (Wilkie et al. 1974; Hayward et al. 1975; Skare et al. 1975 )-
The present study deals with the size and molarities of the Eco RI, Hind III and Hpa I restriction enzyme fragments produced with both HSV-I and HSV-2 DNAs. Results are interpreted in terms of a model proposed by Sheldrick & Berthelot (I974) for the structure of HSV-I DNA.
Preparation of viral DNAs. HSV DNA was isolated from virus released from pelleted infected cells by phenol/SDS extraction or by phenol/SDS extraction of infected cell cytoplasm as described by Wilkie (1973) . Preparations were also made from HSV-I virus particles and nucleocapsids after purification on gradients of dextran T-Io (Spear & Roizman, 1972) . In some cases, DNAs were further purified by isopycnic banding in CsC1 (Wilkie, 1973) . All preparations used when analysed on CsC1 gradients yielded a single virus DNA component with a density characteristic of either HSV-I or HSV-2 DNA (Halliburton, Hill & Russell, 1975) .
Phage lambda (R) DNA was obtained by phenol/SDS extraction of CsCl-banded virus from a heat-inducible lysogenic host strain, Escherichia coli 803 (CI 857 $7). Restriction endonucIeases. Hind III was isolated from Haemophilus influenzae strain d supplied by Dr S. Glover. Cells were sonicated in o.oi i-tris, 0"0I i-mercaptoethanol (pH 7"9) then centrifuged at 30000 rev/min for 2 h. Solid NaC1 was added to the supernate to a final concentration of I M and the extract applied to a Biogel A-o'5 m column equilibrated with the same buffer. Fractions containing endo-and exonuclease activity were combined and dialysed against o-oi M-potassium phosphate, Io-%t-EDTA, o.oI M-mercaptoethanol, pH 7"4, containing IO ~ glycerol. This extract was applied to a DEAE cellulose (DE 52) column and the column washed with the same buffer. A gradient of o to 0"3 M-KC1
was then applied and the Hind III appeared in the column flow through, free of contaminating exo-and endonucleases. Enzyme activity was concentrated either by ammonium sulphate precipitation or by dialysis against polyethylene glycol and stored in 50 ~ glycerol at --20 °C.
Eco RI was prepared essentially as described by Yoshimori (1971) . Hpa I obtained from Haemophilus parainfluenzae cells was kindly supplied by Dr R.
Kamen.
Enzyme digestions with Hind III and Eco RI were performed in o.oi M-tris, 0"I M-NaC1, o.oo6 M-MgCI~, pH 7"4 for I h at 37 °C. Digestions with Hpa I were performed in o-oi M-tris, o'o6 M-MgC12, pH 7"4, for I h at 37 °C.
Mol. wt. estimates of DNAfragments.
Size estimates for HSV DNA fragments were made using slab gels of 0.2 ~ or 0"3 ~ agarose which gave a reasonable separation over the tool.
wt. range 2 to 30 x IO G (Wilkie et al. I974) . Intact A DNA, the A DNA+Eco RI fragments (Allet et al. 1973 ) and the A DNA+Hind III fragments (Allet & Bukhari, 1975) were used as reference tool. wt. markers.
The gel apparatus was essentially as described by Studier (1973) . Slab gels were I6 cm long, 8 mm deep with a total volume of 23o ml and had 6 sample tracks each of 16 mm width. Gel sandwiches were prepared with a sheet of Visking tubing across the bottom, then bottom and sides were sealed with a thin layer of 0"9 ~ agarose before filling with 0.2 agarose. Setting was for I h at 20 °C then the top surface was carefully overlayered with electrophoresis buffer (36 mM-tris, 3 ° mM-sodium dihydrogen phosphate, I mM-EDTA, pH 7"8, containing o. 5 #g/ml ethidium bromide). Samples (5 ° to Ioo #1) in electrophoresis buffer containing IO ~ (w/v) sucrose were applied directly to the gel surface, and electrophoresis was carried out for ~6 h at 4 o mA[slab at room temperature, DNA bands visualized by u.v. fluorescence (Sharp, Sugden & Sambrook, I973) were photographed with a Polaroid CU5 camera using positive/negative film type ~o5.
Estimation of molar ratios of DNA fragments. Molar ratios were based on a tool. wt. of 97 × I o6 for both HSV-I and HSV-2 DNAs. Two methods were used for visualization of fragments.
Autoradiography. Slab gels of o'3 ~ agarose containing [a2P]-labelted fragments were dried overnight at 37 °C and autoradiographs were prepared using Kodak KD54T film. Autoradiographs were scanned using a Joyce-Loebl double-beam scanning microdensitometer. Peaks from traces were excised and weighed to estimate molar ratios.
DNA/ethidium bromide u.v. fluorescence. For this procedure, o'3 ~ agarose disc gels were used (2o cm long, I'5 cm internal diam. with o'5 to 1"5/zg of sample DNA) which gave slightly superior resolution compared to slab gels. Negatives of stained gels were scanned and molar ratios were calculated as described for autoradiographs.
RESULTS

MoI. wt. and molarities of HSV-r DNA + Hind III fragments and HSV-2 DNA + Eco RI fragments
Densitometer traces of electrophoretic separations of these fragments on o'3 ~ agarose disc gels with bands visualized by ethidium bromide staining are shown in Fig. I . On the traces, fragments are labelled alphabetically beginning with the fragment of highest mol. wt. In cases where single bands are indicated as containing more than one fragment the evidence to support this comes from data presented below on the molar ratios of bands.
Mol. wt. of bands were estimated as described in Methods, and estimates are shown in Tables I and 2 together with molarity determinations. The molarity determinations shown were obtained both by autoradiography of [32P]-labelled fragments and by scanning negatives of ethidium bromide stained gels. Molarity estimates for the more intense bands tended to be lower than values predicted from the cleavage models outlined below. This effect was probably due to a non-linear response of the films. However, since the estimates made by these two methods, in general, showed good agreement and moreover were similar to estimates obtained by slicing and counting individual gel slices (data not shown) then it was assumed that there was a linear response on the film for most of the bands measured.
Considering the HSV-I DNA+Hind III fragments, mol. wt. ranged from ~'9 to 23 × IO n and the sum of the individual values yielded a total of 133 × 106, a value considerably in excess of estimates for the mol. wt. of this DNA.
Molar ratios of bands ranged from approx, o'25 M (HSV-I DNA bands c, f) through values around o. 5 M (HSV-I DNA band n; HSV-2 DNA bands f, m) to ratios greater than T M from regions which were clearly composed of more than one component but which were not resolved enough to allow molarities of individual components to be estimated. The size, number or molarities of bands were not affected when a Ioo-fold excess of enzyme was used, even upon overnight digestion. Heating to 65 °C in enzyme buffer containing o-oI M-EDTA followed by rapid cooling to o °C prior to electrophoresis did not affect the pattern. Pre-digestion of 2 to 4 #g of DNA with 5o/zg/ml of pre-incubated pronase or of proteinase K also had no effect on the pattern. Virus was re-purified genetically by four successive cycles of picking single plaques of HSV-I strain 17 with either syncytial or nonsyncytial plaque morphology, and grown into separate stocks. The DNAs from four unrelated clones of non-syncytial virus and from two unrelated clones of syncytial virus were found to have the same Hind III pattern as shown in Fig. t . Thus, six genetically re-purified virus stocks reproduced the same pattern of major and minor bands as that obtained with strain 17 stock virus.
Explanation of HSV-I DNA + Hind III and HSV-2 DNA + Eco Rl fragment patterns in terms of a model proposed for the structure of HSV-I DNA
The presence of bands in less than molar amounts generated from a DNA of uniform size implies that the distribution of enzyme sites on the DNA is non-uniform with respect to the population of molecules restricted. However, an explanation of these molarity values can be provided in terms of a model for the structure of HSV-I DNA. Sheldrick & Berthelot (i 974) 
* The values shown are the mean estimates for the number of samples indicated together with standard error estimates. Molar ratio estimates were calculated from estimates obtained by autoradiography of la2Pl-labelled DNA and from values obtained by DNA/ethidium bromide u.v. fluorescence. proposed that the DNA consisted of two unique regions each flanked by two repeated regions which were inverted relative to each other. In this structure, the two terminal repeats are present adjacent to each other internally within the molecule in an inverted form. Inherent in this configuration is the possibility that either terminal repeat can pair with its internal complement. Assuming this pairing then, as indicated by Sheldrick & Berthelot (1974) , a reciprocal recombination event will result in the inversion of the entire unique region between the participating repeats. A high frequency of occurrence for this event, together with no preference for recombination between two of the four repeats wiI1 generate the four genome arrangements shown in Fig. 2 . In this figure both the long and short unique regions in genome arrangement (1) have been designated as L, S, and genome arrangement (4), with both unique regions inverted relative to arrangement (1), has been designated as l, s. The terminal repeats and inverted repeats are numbered appropriately. Assuming that the four genome arrangements in Fig. 2 are present in equal amounts then, for a restriction enzyme that cuts only in both of the unique regions and not in the repeated regions, the following deductions can be made regarding the molar ratios of the fragments produced and the size relationships of the submolar fragments. (i) There will be I M fragments (e, f) produced from the unique regions of the DNA which are unaffected by any inversions of these regions. The number of these fragments will depend upon the number of enzyme sites. (ii) There will be four o'5 M fragments (a, b, c, d) Table 4 together Table 4 are the calculated mol. wt. for the HSV-I and HSV-2 genomes obtained using the formula shown above. In Fig. 3 the sizes of the HSV-I and HSV-2 0"5 M fragments have been substituted into the four genome arrangements shown in Fig. 2 and the composition of the o'25 M fragments is shown.
Mo [. wt. and 
molarities of the HSV-I DNA + Hpa I fragments
A densitometer trace of an electrophoretic separation of fragments on a o'3 ~ disc gel is shown in Fig. 4 . The insert on the trace shows a better separation of the high tool. wt. fragments obtained from another gel and the criteria for labelling bands is as described previously. Mol. wt. and molarities of bands are shown in were approx. 1.5 M. We feel that the Hpa I data is best explained in terms of the model outlined below.
Explanation of the HS V-I DNA + Hpa I fragment pattern in terms of a model proposed for the structure of HSV-I DNA
Assuming the four possible genome arrangements described previously, the predictions for the molar±ties of fragments produced by a restriction enzyme that cuts only in those two repeats that flank a unique region and also within both unique regions are shown in Fig. 5 . Again, this model assumes that the four gen ome arrangements are present in equal amounts. The predictions are as follows: (i) There will be I M fragments (i, e, g, h, f) generated from the unique regions and from the end repeat that is cut by the enzyme. (ii) There will be four o'5 M fragments two of which (c, d) are generated from the ends containing the uncut repeats and two of which (h + c, h + d) are generated from the cut internal repeat to the first cut in that unique region which has no cuts in its flanking repeats. From Fig. 5 it can be seen that genome arrangements (I) and (3) and (2) and also (4) are the same as inversions of the unique region containing the flanking cut repeats and have no effect on the molar ratios of fragments produced from that side of the molecule. The distance h (Fig. 5) 
I7-2
Restriction enzyme fragments: cuts in the repeated regions . The molar ratios of the fragments produced and the composition of the 0"5 M fragments are illustrated for a restriction enzyme which cleaves the four genome arrangements within both unique regions and also within those two repeats that flank a unique region. The model shows cuts in the two repeats which flank the long unique region, in terms of the model these cuts could equally well be in those repeats which flank the short unique region. Table 6 . Fig. 6 shows the calculation of the distance h. In the case of these data there are two possible distances for h and the four calculated values containing the two possible distances are indicated appropriately. Also shown in Fig. 6 are the genome models obtained with the o'5 M fragments and the two mean values for h. As, from Fig. 4 , genome models 0) and (3) and also (2) and (4) are similar, only two genome arrangements are shown for each value of h. Fig. 6 also shows the calculated genome mol. wt. based on the formula shown above. In Fig. 6 the two repeats with cleavage sites indicated are those flanking the short unique region. However, as outlined in the Discussion, it seems more likely that the cuts are in the repeats spanning the long unique region. 
DISCUSSION
Results obtained with HSV-t DNA preparations suggest that the four possible genome arrangements resulting from inversions of the long and short unique regions of the DNA are present in approx, equal amounts. Evidence for these four genome arrangements was obtained with DNA isolated from six genetically re-purified HSV-I virus stocks. It appears that HSV-2 DNA preparations also contain these four possible genome arrangements which indicates a similar type of genome structure for HSV-t and HSV-2 DNAs (cf. Sheldrick & Berthelot, I974, and our unpublished observations) .
The fragment sizes were such that molar ratio estimates could not be made for all those species which were apparent from a gel scan. However three 0"5 M fragments and three o"25 u fragments can be seen directly from the traces of the HSV-I+Hind III fragments (Fig. I a) . Similarly, three 0. 5 M fragments and four o'25 M fragments can be seen from traces of the HSV-2 DNA + Eco RI fragments (Fig. I b) . It should be emphasized that the interpretation of the results in terms of the cleavage models presented in Figs. 2 and 5 depends not only on detection of fragments present in submolar amounts but also on the size and size relationships of the submolar fragments. Sheldrick & Berthelot (1974) estimated the size of the four HSV-I DNA repeats as 4"5 × Io 6 daltons with sizes of 76 × Io 6 and 11 × lO 6 daltons for the long and short unique regions respectively. Somewhat different estimates were obtained by Wadsworth et al. (I975) . They estimated that each of the two repeats flanking the long region comprised 6 ~ of the DNA contour length and each of the two repeats flanking the short region comprised 4'3 ~ of the DNA contour length. Their size estimates for the long and short unique regions were 7 ° and 9"4 ~ of the DNA contour length.
In terms of the cleavage model proposed for HSV-I DNA+Hind III, these repeat size estimates imply a minimum size of some 4 × lO6 daltons for the o'5 M fragments and a minimum size of IO x io 6 daltons for the 0"25 M fragments. The size values obtained for the submolar fragments were all within these limits. The size of the HSV-2 + Eco RI submolar fragments also fall within these limits set with data obtained with HSV-I DNA, and this may imply some similarity in repeat sizes between HSV-I and HSV-2 DNAs. The HSV-x DNA+Hpa I data imply that all four repeats are not identical. From Fig. 6 the smallest 0. 5 M fragment which must span the two repeats which are not cleaved is 3"7 x lO 6 daltons. Therefore, the two repeats which are not cleaved with Hpa I are more likely to be those which flank the short unique region. Furthermore, in view of a size of 6 x Io 6 daltons for the repeat flanking the long unique region the distance h (Fig. 5 ) from a molecule end to the cut within a repeat is more likely to be 3"5 x Io 6 daltons rather than 6"5 x Io 6 daltons. It is possible however that HSV-t strain I7 DNA does not have exactly the same repeat sizes as DNA from the HSV-~ strains F1 and Justin examined by Wadsworth et al. (I975) .
Based upon the contributions of the molar and submolar Hind III fragments, a genome mol. wt. of 98 x io 6 was obtained for HSV-I DNA. This value agrees well with a recent size estimate obtained with electron microscopic data (Wadsworth et al. ~ 975) . Size estimates for HSV-I DNA obtained with the Hpa I fragments and for HSV-2 DNA obtained from the Eco RI fragments were somewhat lower. However, these size estimates did not include some of the smaller fragments for which accurate size estimates could not be made. In the case of the HSV-2 + Eco RI fragments these smaller fragments comprised more than 2 ~ of the DNA mass ( Table 2) .
Inversions of the unique DNA regions can occur, as described previously, by intramolecular recombination events. Once molecules with both unique regions relatively inverted are generated, further relative inversions of unique regions can occur by intermolecular recombination events. The nature of these intermolecular recombination events and the possible structures of recombinant DNA molecules have been analysed (J. H. Subak-Sharpe, J. B. Clements & N. M. Wilkie, unpublished data). Here we present the consequences of the four genome arrangements for the measurement of recombination distances derived from intermolecular crosses. Highly efficient genetic recombination has been shown to occur in HSV-I systems (Brown, Ritchie & Subak-Sharpe, 1973; Schaffer, Tevethia & Benyesh-Melnick, ~974) .
There are no obvious consequences for recombination between markers within either the long or short unique regions; however, whenever viable recombinants arise by recombination events involving loci in both the long and short unique regions the apparent recombination distances can be determined as follows:
In Fig. 2 genome arrangement (1) let the long unique region consist of a number of loci at distances/1... In from the terminal repeat flanking the long unique region (TRL). Similarly, let the short unique region consist of loci at distances sl...s~ from the terminal repeat flanking the short unique region (TRs). Let the internal inverted region have a length of IR~+IRs. Consider recombination between loci l~ and Sb. In terms of the four possible genome arrangements shown in Fig. 2 , the distances between these loci can be written as" That is, every locus in the long unique region would have the same apparent map distance from every locus in the short unique region. This map distance would be equivalent to 5o of the total length of the genome and therefore less than the map distance between loci like /1 and l.. This consequence of the four genome arrangements for genetic mapping studies illustrates just one of what might be many complexities inherent in this unusually structured animal virus genome.
